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Abstract 

If the fundamental Planck scale is near a TeV, then we should expect to see TeV scale black holes 
at the LHC. Similarly, if the scale of supersymmetry breaking is sufficiently low, then we might 
expect to see light supersymmetric particles in the next generation of colliders. If the mass of the 
supersymmetric particle is of order a TeV and is comparable to the temperature of a typical TeV 
scale black hole, then such sparticles will be copiously produced via Hawking radiation: The black 
hole will act as a resonance for sparticles, among other things. In this paper we compared various 
signatures for SUSY production at LHC, and we contrasted the situation where the sparticles are 
produced directly via parton fusion processes with the situation where they are produced indirectly 
through black hole resonances. We found that black hole resonances provide a larger source for 
heavy mass SUSY (squark and gluino) production than the direct pQCD-SUSY production via 
parton fusion processes depending on the values of the Planck mass and blackhole mass. Hence 
black hole production at LHC may indirectly act as a dominant channel for SUSY production. We 
also found that the differential cross section da/dpt for SUSY production increases as a function 
of the pt (up to pt equal to about 1 TeV or more) of the SUSY particles (squarks and gluinos), 
which is in sharp contrast with the pQCD predictions where the differential cross section da/dpt 
decreases as pt increases for high pt about 1 TeV or higher. This is a feature for any particle 
emission from TeV scale blackhole as long as the temperature of the blackhole is very high (~ 
TeV). Hence measurement of increase of da/dpt with pt for pt up to about 1 TeV or higher for final 
state particles might be a useful signature for blackhole production at LHC. 
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I. INTRODUCTION 



It is now generally accepted that the scale of quantum gravity could be as low as a TeV 
Q]. Also, it is unknown if supersymmetry is manifested in nature, and if SUSY does exist it 
is unclear at what energy scale SUSY becomes manifest. Pragmatically, we can only search 
for black holes, extra dimensions and superpartners in whatever mass range is currently 
accessible to experiment. If we manage to detect any of these exotic phenomena, then we 
will be propelled into the twenty-first century, as our understanding of quantum gravity 
and perhaps even string theory is revolutionized. There are many discussions of graviton, 
radion and black hole production at LHC If such processes occur they will probe TeV scale 
quantum gravity at the collider experiments 0, S|. One of the most exciting aspects of 
this TeV scale gravity will be the production of black holes in particle accelerators. These 
'brane- world' black holes will be our first window into the extra dimensions of space predicted 
by string theory, and required by the several brane-world scenarios that provide for a low 
energy Planck scale |4|. Using various approximations, in a number of recent papers people 
have studied the production of microscopic black holes in proton-proton (p_p) and lead-leac 
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2l|. Typically, it only makes sense to say that a 'black hole' has formed at several 



;imes the Planck scale - anything smaller will dissolve into something known as string ball 
2^ . Thus, if the lightest supersymmetric particle (LSP) is sufficiently lighter than the black 
hole temperature, then we expect that such sparticles will be produced as the black hole 
evaporates through the Hawking process 23j . Naively, the lighter the LSP, and the larger 
the Planck scale then the more sparticles we expect to see produced through this process. 
However, as the Planck scale is increased the production cross section of the blackhole in 
pp collisions at LHC is decreased. Hence, SUSY production comes from two competitive 
effects as the Planck scale is increased: 1) the SUSY production from a single blackhole 
increases 2) the cross section for a single blackhole to be produced decreases. Similarly, if 
the SUSY scale is right near the Planck scale, then the rate for sparticle production through 
this channel is minimal. In this paper we perform a systematic analysis which contrasts 
SUSY (squark and gluino) production from direct pQCD-SUSY production processes with 
SUSY emission from a blackhole via Hawkins radiation at LHC. We find that squark and 
gluino production from a blackhole at LHC can be larger or smaller than direct squark and 
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gluino production from pQCD-SUSY processes depending on the value of the TeV scale 
Planck mass, the number of extra dimensions and the black hole mass. We find that as 
long as the temperature of the blackhole is of the order of a TeV, the squark and gluino 
production cross sections from the blackhole do not depend too much on the squark and 
gluino masses. On the otherhand the direct pQCD-SUSY production cross sections seriously 
depend on the masses of the squark and gluino, since in any massive particle production 
using pQCD calculations the cross section depends on the mass explicitly. This provides us 
with an important conclusion: If TeV scale blackholes are indeed formed at LHC, then one 
signature of this will be an unusually copious production of massive particles, which can not 
be formed through direct fusion processes. Hence if we observe very high rates of massive 
particle production at LHC, it might provide indirect evidence that TeV scale blackholes 
are being produced at LHC. We make a detailed analysis of this in this paper in the context 
of massive squark and gluino production. We also study the differential cross section for 
squark and gluino production both from the blackhole and from the pQCD-SUSY processes. 
One of the interesting results we find is that as long as the temperature of the blackhole is 
very high (~ 1 TeV) then the differential cross section dcr/dp t increases as p t is increased (up 
to about p t equal to 1 TeV or more). This is in sharp contrast to pQCD predictions where 
da/dpt decreases as p t is increased when one is at high p t . This is not only true for SUSY 
particles but also true for any particles emitted from a blackhole via Hawking radiation as 
long as the temperature of the black hole is high (~ TeV). This is very interesting because 
if one experimentally observes at LHC that the da/dp t for final state particles increases as 
Pt is increased (up to about 1 TeV or higher) then it might provide a good signature for 
blackhole production at LHC. We make a detailed analysis of all these observations in this 
paper. 

The paper is organized as follows: In section II we present the calculation of the differ- 
ential and total cross sections for squark and gluino production at LHC in a typical MSSM 
scenario, where we take the gluino to be the LSP. In section III we present a computation 
for the rate of squark and gluino production from a blackhole via Hawking radiation. In 
section IV we present the results and a discussion. 
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II. SQUARK AND GLUINO PRODUCTION IN PP COLLISIONS AT LHC US- 
ING PQCD 



Here we briefly discuss the SUSY (squark and gluino) production mechanism in quark 
and gluon fusion processes using pQCD methods applied to high energy hadronic collisions. 
The production channels for squarks (q, q) and gluinos (g) in pp collisions at the leading 
order (LO) of the perturbative expansion are given by: qq, gg — > qq, gg, qq — > qq, qg — > qg 
etc. The Feynman diagrams for these processes are shown in Fig. 1. For the production of 
squark pairs or squark-gluino pairs only one initial state contributes at lowest order. For 
squark-antisquark and gluino pairs both gluon-gluon and quark-antiquark initial states are 
included. The differential cross section in the lowest order is given by: 
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filp{ x i Q 2 ) is the parton distribution function inside a proton with longitudinal momentum 
fraction x and factorization scale Q. H = K^/lfa with K qq = K q q = 1/36, K gg = 1/256 
and K qg = 1/96. The matrix element squares from partonic fusion processes at the Born 
level (see Fig-1) are given by 24]: 
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In the above equation the variables t qt9 (u q , g ] 



by: 4 (« g ) = t (u) 
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are related to the Mandelstam variables t (it) 
t (u) — m| where m q (rrig) is the mass of the 
squark (gluino). g s is the QCD gauge coupling (qqg) and g s is the Yukawa coupling (qqg). 
rtj is the number of flavors. In the above equations: 
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The p t distributions for squarks and gluinos at LHC are determined from the above 
formula by integrating over the rapidity: 
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Similarly, the rapidity distributions for squarks and gluinos produced at LHC are given by 
by integrating over p t : 

da rs/Acosh 2 y da 

— = / dm 2 . (4) 
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The total cross sections for squarks and gluinos produced at LHC are then given by: 
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where a*- 7 is the partonic level cross section for the collisions ij — > qq(gg) etc., where the 
indices i,j run over q, g and g. The partonic level center of mass energy is related to the 
hadronic level center of mass energy by: s = XiX 2 s. The partonic level squark and gluino 
production cross sections a l i(s) can be obtained from the matrix element squares above and 
are given by: 
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In this paper we set the strong coupling equal to the QCD-SUSY coupling: g s = g s . 
In our calculation we use the CTEQ6M PDF inside the proton Q The factorization 
and renormalization scales are taken to be Q = rriq, trig, (the squark and gluino masses 
respectively). We multiply a K factor of 1.5 to take into account the higher order corrections. 
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III. SQUARK AND GLUINO PRODUCTION FROM A TEV SCALE BLACK- 
HOLE AT LHC 



If a black hole is formed at LHC, it will quickly evaporate by emitting thermal Hawking 
radiation. The emission rate in time for a SUSY particle with momentum p — \p\ and energy 



Q = \fp 2 + M 2 can be written [26j] as 

dN c s a s dpp 2 
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where a s is the grey body factor and Tbh is the blackhole temperature, which depends on 
the number of extra dimensions and the TeV scale Planck mass. c s is the multiplicity factor. 
The ± sign refers to squark and gluino respectively. The temperature of the blackhole is 
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where Rs is the Schwarzschild radius of the black hole, Mp is the TeV scale Planck mass and 
d is the number of extra dimensions. The grey body factor in the geometrical approximation 
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where we take T s = 2/3 and 1/4 for spin s= 1/2 and 1 particles respectively. The SUSY 
energy and mass are related by Q 2 = p 2 + M 2 , where M is the mass of the SUSY particle. 
From the above equation we get: 
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The total number of sparticles emitted by a blackhole is thus given by: 
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where tf is the total time taken by the blackhole to completely evaporate, a time which 
takes the form [?j]: 

l > = W P ( m7' (14) 

where C depends on the extra dimension, polarization degrees of freedom etc. However, the 
complete determination of tf depends on the energy density present out side the blackhole 

n 

which we computed in a previous paper |18( where we considered the absorption of the 
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quark-gluon plasma |30| by TeV scale black hole at LHC (this time is typically about 10~ 27 
sec). The value we use throughout this paper is tf— 10~ 3 fm which is normally the inverse 
of the TeV scale energy. 

This is the expression (Eq. IT3j) for sparticle emission from a single blackhole of temper- 
ature Tbh- To obtain the SUSY production cross section from all blackholes produced in 
pp collisions at LHC we need to multiply the blackhole production cross section with the 
number of sparticles produced from a single blackhole. In the following we will calculate the 
blackhole production cross section in a pp collision at LHC. The black hole production cross 
section <t B h at high energy hadronic collisions at zero impact parameter is given by jfii 



BH^ BH+X (M BH ) = J2 h I dx -l dx b f a/A (x ai Q 2 ) 

a0 Jt JT/x a 

fb/B(x b , Q 2 )a ab ^ BH (s) 5(x a x b - M 2 BH /s). (15) 



In the above expression x a {x b ) is the longitudinal momentum fraction of the parton inside 
the hadron A(B) and r = — , where \fs is the NN center of mass energy. Energy-momentum 
conservation implies s = x a x b s = M 2 , where M is the mass of the black hole or string ball. 
We use Q = M as the scale at which the parton distribution function is measured. YJ a6 
represents the sum over all partonic combinations. The black hole production cross sections 
in a binary partonic collision are given by (f| 

& ab-*BH (§) = J_r M BH , 8T(jg) )]2/{d+1) , , 

{ > M 2 P [ M P [ d+2 )l [ ' 

where Mp and Mbh are the Planck mass scale and black hole mass respectively. Again, d 
denotes the number of extra spatial dimensions. We use the CTEQ6M PDF to compute the 
blackhole cross section in pp collisions at LHC. The total cross section for SUSY production 
at LHC is then given by: 

vsusy = NsusyVbh- (17) 

We now compare this total cross section for SUSY production via black hole resonances with 
the total number of squarks and gluinos which would be produced via pQCD processes, as 
explained in section II. To compare the differential cross section we decompose the phase- 



space integration in eq. (jHJ) as d 3 p = d 2 pt dp z = d 2 pt m t cosh y dy where m t = yp 2 + m 2 
and p^ = (m t cosh y,p x ,p y ,m t smb. y). 
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IV. RESULTS AND DISCUSSIONS 



In this section we present the results of our calculation. First of all we present (see Fig. 
2) the total blackhole cross section at LHC at y/s = 14 TeV pp collisions by using eq. (|15|) 
with CTEQ6M [^J parton distribution function with factorization scale Q = Mbh- As 
black hole mass has to be higher than the Planck mass we have plotted the blackhole cross 
section for blackhole mass values higher than the Planck mass values. The solid line is for 
Mp = 1 TeV, and the upper (lower) dashed lines are for Mp = 3 and 5 TeV respectively. 
These cross sections are multiplied with the number of SUSY particles emitted from a single 
blackhole (see eq. (|17|)) to obtain the total SUSY production cross section at LHC. We have 
choosen d=4. 

In the rest of the calculation we choose following values for the number of extra dimen- 
sions, Planck mass and blackhole mass. The number of extra dimension we choose is d=4, 
the Planck mass Mp = 1 (2) TeV with blackhole mass of 3 (5) TeV and the Planck mass Mp 
=3 TeV with blackhole mass of 5 and 7 TeV and Planck mass Mp = 5 TeV with blackhole 
mass equal to 7 TeV. The typical values (in pico barns) for the cross section for the produc- 
tion of SUSY partners (for example squarks) emitted from a single black hole is around 0.1 to 
0.8 depending on the blackhole mass. In Fig. 3 we contrast the result for squark production 
from the pQCD-SUSY calculation with that from thermal blackhole emission as a function 
of squark mass in pp collisions at yfs = 14 TeV at LHC. The solid line is squark production 
from the pQCD-SUSY calculation with mq/mg=0.8. The upper dashed line, lower dashed 
line and dotted line are squark production from a blackhole at LHC with a number of extra 
dimensions d=4, Planck mass Mp= 1 TeV with blackhole mass equal to 3 TeV, Mp= 2 TeV 
with blackhole mass equal to 5 TeV and Mp= 3 TeV with black hole mass equal to 5 TeV 
respectively. The upper (lower) dot-dashed lines are squark production from a blackhole at 
LHC with a number of extra dimensions d=4, Planck mass Mp= 3 (5) TeV and blackhole 
mass equal to 7 TeV respectively. It can be seen that the squark production from a TeV 
scale blackhole with a temperature of about 1 TeV does not depend too much on the squark 
mass. The pQCD-SUSY result for the production of squarks decreases rapidly as the mass 
of the squark is increased. On the otherhand, squark production from a black hole is not 
very sensitive to the squark mass as long as the blackhole temperature is very high. The 
upper dashed line is for Mp= 1 TeV where the blackhole temperature is lower (as the Planck 
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mass is lower), hence the cross section slightly decreases as the squark mass is increased. All 
other lines correspond to high temperature (as the Planck mass is increased) and hence the 
SUSY production cross section is not very sensitive to squark mass. The production cross 
section of squarks from a blackhole is higher or lower than the pQCD-SUSY production 
rate for high mass squarks depending on the Planck mass and blackhole mass values. For 
example if the Planck mass is around 1-3 TeV and black hole mass is around 5 TeV than 
SUSY production from blackhole is larger for squarks of mass greater than about 300 GeV. 

In Fig. 4 we contrast the result for gluino production from the pQ CD-SUSY calculation 
with that from thermal blackhole emission as a function of gluino mass in pp collisions at 
y^s = 14 TeV at LHC The solid line is gluino production from the pQCD-SUSY calculation 
with mq/mg=0.8. The upper dashed line, lower dashed line and dotted line are gluino 
production from a blackhole at LHC with a number of extra dimensions d=4, Planck mass 
M P = 1 TeV with blackhole mass equal to 3 TeV, M P = 2 TeV with blackhole mass equal 
to 5 TeV and M P = 3 TeV with black hole mass equal to 5 TeV respectively. The upper 
(lower) dot-dashed lines are gluino production from a blackhole at LHC with a number of 
extra dimensions d=4, Planck mass Mp= 3 (5) TeV and blackhole mass equal to 7 TeV 
respectively. The pQCD-SUSY result for the production of gluinos decreases rapidly as the 
mass of the gluino is increased. On the otherhand, gluino production from a black hole is 
not very sensitive to the gluino mass as long as the blackhole temperature is very high. The 
upper dashed line is for M P = 1 TeV where the blackhole temperature is lower (as the Planck 
mass is lower), hence the cross section slightly decreases as the gluino mass is increased. All 
other lines correspond to high temperature (as the Planck mass is increased) and hence the 
SUSY production cross section is not very sensitive to gluino mass. The production cross 
section of gluinos from a blackhole is higher or lower than the pQCD-SUSY production 
rate for high mass gluinos depending on the Planck mass and blackhole mass values. For 
example if the Planck mass is around 1-3 TeV and black hole mass is around 5 TeV than 
SUSY production from blackhole is larger for gluinos of mass greater than about 400 GeV. 

In Fig. 5 we present the rapidity distribution results for squark production both from 
pQCD-SUSY processes and from blackholes. The solid line is the squark production cross 
section from direct pQCD-SUSY production processes as a function of rapidity at LHC at 
y/s = 14 TeV pp collisions. Here we have taken rriq/m g = 0.8. The rapidity range covered is 
from -3 to 3. The upper (lower) dashed line is the rapidity distribution of squark production 
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from a blackhole at LHC with a number of extra dimensions d=4, Planck mass M P = 2 (3) 
TeV and blackhole mass equal to 5 (7) TeV respectively. The production cross section from 
a blackhole is higher or lower than the pQCD-SUSY production rate for high mass squarks 
depending on the Planck mass and blackhole mass values. For example if the Planck mass is 
around 1-3 TeV and black hole mass is around 5 TeV than SUSY production from blackhole 
is larger for squarks of mass equal to 500 GeV. 

Similarly in Fig. 6 we present the rapidity distribution results for gluino production, both 
from pQCD-SUSY processes and from blackholes. The solid line is the gluino production 
cross section from direct pQCD-SUSY production processes as a function of rapidity at LHC 
at yf~s = 14 TeV pp collisions. Here we have taken the gluino mass to be 500 GeV with 
mq/rrig = 0.8. The rapidity range covered is from -3 to 3. The upper (lower) dashed line 
is the rapidity distribution of gluino production from a blackhole at LHC with a number 
of extra dimensions d=4, Planck mass M P = 2 (3) TeV and blackhole mass equal to 5 (7) 
TeV respectively. The production cross section from a blackhole is higher or lower than 
the pQCD-SUSY production rate for high mass gluino depending on the Planck mass and 
blackhole mass values. For example if the Planck mass is around 1-3 TeV and black hole 
mass is around 5 TeV than SUSY production from blackhole is larger for gluino of mass 
equal to 500 GeV. 

In Fig. 7 we present da/dp t for the squark production cross section, both from pQCD- 
SUSY processes and from blackholes. The solid line is the squark production cross section 
from direct pQCD-SUSY production processes as a function of p t at LHC at y/s = 14 TeV 
pp collisions. Here we have taken the mass to be 500 GeV with mq/rrig = 0.8. The upper 
dashed line is the p t distribution of squark production from a blackhole at LHC with a 
number of extra dimensions d=4, Planck mass Mp= 2 TeV, blackhole mass equal to 5 TeV 
and squark mass equal to 500 GeV. The lower dashed line is the p t distribution of squark 
production from a blackhole at LHC with a number of extra dimensions d=4, Planck mass 
M P = 3 TeV, blackhole mass equal to 7 TeV and squark mass equal to 500 GeV. The dotted 
and dot-dashed lines are the similar curves but for squark mass equal to 1 TeV. It can be 
seen clearly from the figure that da/dp t for squark production from a blackhole increases as 
p t is increased (in all lines except solid line) up to p t around 1 TeV (for squark mass equal to 
500 GeV) or more (for squark mass equal to 1 TeV) which is in sharp contrast to the pQCD 
predictions where the da/dp t decreases as p t is increased up to 1 TeV. Similar results are 
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obtained for gluino production, and this is shown in Fig.8. This increase in da/dp t is not 
only true for SUSY production but also true for any particles emitted from the blackhole as 
long as the temperature of the blackhole is large (~ TeV). This is because it is coming from 
the phase-space (d 3 p integration as at high temperature the decrease of thermal distribution 
w.r. to p t is not very rapid. Hence observation of an increase in da/dp t (as p t is increased 
up to high p t value ~ 1 TeV or more) for any particles might be a clear signature of black 
hole production at LHC. 

To conclude, if the fundamental Planck scale is near a TeV, then we should expect to 
see TeV scale black holes at the LHC. Similarly, if the scale of supersymmetry breaking 
is sufficiently low, then we might expect to see light supersymmetric particles in the next 
generation of colliders. If the mass of the supersymmetric particle is of order a TeV and is 
comparable to the temperature of a typical TeV scale black hole, then such sparticles will 
be copiously produced via Hawking radiation: The black hole will act as a resonance for 
sparticles, among other things. In this paper we compared various signatures for SUSY pro- 
duction at LHC, and we contrasted the situation where the sparticles are produced directly 
via parton fusion processes with the situation where they are produced indirectly through 
black hole resonances. We found that black hole resonances provide a larger source for 
heavy mass SUSY (squark and gluino) production than the direct pQCD-SUSY production 
via parton fusion processes depending on the values of the Planck mass and blackhole mass. 
Hence black hole production at LHC may indirectly act as a dominant channel for SUSY 
production. We also found that the differential cross section da/dp t for SUSY production 
increases as a function of the p t (up to p t equal to about 1 TeV or higher) of the SUSY 
particles (squarks and gluinos), which is in sharp contrast with the pQCD predictions where 
the differential cross section da/dpt decreases as pt increases for high p t about 1 TeV or 
more. This is a feature for any particle emission from TeV scale blackhole as long as the 
temperature of the blackhole is very high (~ TeV). Hence measurement of increase of da/dp t 
with p t for p t up to about 1 TeV or more for final state particles might be a useful signature 
for blackhole production at LHC. 
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FIG. 1: Feynman diagrams for the production of squarks and gluinos in lowest order. 
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FIG. 2: Total cross section for blackhole production at LHC. The solid line is for Mp=l TeV and 
the upper (lower) dashed line is for Mp= 3 (5) TeV. 
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FIG. 3: Total cross section for squark production at LHC as a function of squark mass. The 
solid line is from direct pQCD processes and other lines are from blackhole decay depending on 
the Planck mass and blackhole mass as explained in the text. The top line is for blackhole mass 
equal to 3 TeV, next two almost horizontal lines are for a blackhole mass of 5 TeV and the bottom 
two are for a blackhole mass of 7 TeV. 
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FIG. 4: Total cross section for gluino production at LHC as a function of gluino mass. The solid 
line is from direct pQCD processes and other lines are from blackhole decay depending on the 
Planck mass and blackhole mass as explained in the text. Values of the blackhole mass are as in 
Fig. El • 



20 



1000 



100 - 




1e-05 1 ' ' ' ' ' 1 

-3-2-10 1 2 3 

y 

FIG. 5: The rapidity distribution of squark production cross section at LHC. The solid line is 
from direct pQCD processes and other lines are from blackhole decay depending on the Planck 
mass and blackhole mass as explained in the text. The squark mass is choosen to be equal to 500 
GeV. The upper (lower) dashed line corresponds to a blackhole mass of 5 (7) TeV. 
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FIG. 6: The rapidity distribution of gluino production cross section at LHC. The solid line is from 
direct pQCD processes and other lines are from blackhole decay depending on the Planck mass 
and blackhole mass as explained in the text. The gluino masses are choosen to be equal to 500 
GeV. The upper (lower) dashed line corresponds to a blackhole mass of 5 (7) TeV. 
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FIG. 7: The pt distribution of squark production cross section at LHC. The solid line is from 
direct pQCD processes and other lines are from blackhole decay depending on the Planck mass 
and blackhole mass as explained in the text. The squark masses are choosen to be equal to 500 
GeV and 1 TeV. The upper (lower) other lines correspond to a blackhole mass of 5 (7) TeV. 
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FIG. 8: The pt distribution of gluino production cross section at LHC. The solid line is from 
direct pQCD processes and other lines are from blackhole decay depending on the Planck mass 
and blackhole mass as explained in the text. The gluino mass is choosen to be equal to 500 GeV. 
The upper (lower) other lines correspond to a blackhole mass of 5 (7) TeV. 
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